Abstract: Diseases such as ALS and SMA often cause motor disabilities by progressive loss of muscle power. However, some patients must lie horizontally and thus cannot operate a wheelchair. The aim of this study was to develop a robotic stretcher for an SMA patient with severe motor disabilities to enable her to maneuver independently inside a building. In the concept of the stretcher, the user can drive the stretcher using an applicable operating device while watching a display feed from cameras mounted on the stretcher. We have developed some new devices with operating algorithm, mechanical frame and control system suitable to the user's limited abilities (motion in only one finger), and verified their functions by tests with prototype machine. In addition, we show some results of a risk assessment of the prototype machine.
INTRODUCTION
Diseases such as ALS (Amyotrophic Lateral Sclerosis) and SMA (Spinal Muscular Atrophy) often cause motor disabilities with progressive loss of muscle power. We have developed a robotic stretcher for an SMA patient in a joint project of Kitakyushu city Technical Aid Center and Kyushu Sangyo University. The user for the stretcher wants to operate it to travel inside and eventually outside of buildings independently. In conventional electric wheelchairs, a variety of operating devices are available. Joysticks and headjoysticks have been developed for smooth wheelchair locomotion (Rofer et al., 2009) , as well as controls detecting the user's breaths. Furthermore, a switch system to control a self-aided manipulator system has been developed for bedridden patients (Hanafusa et al., 2009 ). However, because of the severe limitation of the present patient's motor abilities, it was not feasible to apply any of these devices directly to a stretcher.
With an operating system that senses the bio-signals of the user's body such as by electromyography or electroencephalography, the user can drive the mechanism by activating his/her target muscle (Zhang et al., 2006) (Sankai et al., 2000) . The combination of electroencephalogram (EEG) and functional electrical stimulation (FES) has been researched for rehabilitation systems (Takahashi et al., 2009) . Also, there are some vision-based methods for controlling machines. For example, an upper extremity-supporting robot was developed using a system detecting gaze motion (Sakaki, 2007 and 2009) . A vision-based assisting robot for grasping daily goods was developed for bedridden patients (Kim et al, 2009 ). In addition, a multi-sensor system including a camera for monitoring a patient's physiological status was developed for controlling the robot to care about the patient (Peng et al, 2009 ). However, we could not apply these methods to the target system due to the difficulty of the simultaneous execution of both observing around the user through a monitor and operating the stretcher by using user's biosignals such as gaze motion. On the other hand, brainmachine interface (BCI) technology has the possibility of realizing robot motion with regard to the intention of motion, connecting the brain directly to the robot (Branner et al., 2004) . However, the risk of infection during the surgical operation to the user's brain still remains.
GOAL OF THE ROBOTIC STRETCHER
The target of this project was to develop a robotic stretcher for an SMA patient ( Fig.1) to enable her to maneuver independently, first, inside a building and ultimately, outside a building. Figure 2 shows the concept of the stretcher. The user can drive the stretcher with the operating device despite her disabilities, by watching the display feed from the cameras on board the stretcher.
There are three technical issues to solve: the operating device, the monitoring and display system, and the body frame mechanism supporting the user's body properly. Also, it is necessary to verify the safety and easy operability of the total system comprised of these devices. First, the operating device needs to be operable by the user's very limited abilities. The index finger of the patient's hand can move, but in a small range of motion and with weak force. Also, the finger cannot move in any directions outside the plane of flexion and extension. Therefore, a conventional manual device such as joystick is not applicable. The newly developed device is required to interpret a wide range of signals for precise operation even with weak finger force and with less freedom of finger motion than in a less disabled user. Secondly, the monitoring system needs to cover a wide "dead angle" because of her body position, always lying down on the right side of her body in a bed. Thirdly, the mechanism supporting the user's body has to be designed to be equipped with the new operating devices, driving unit and monitoring system.
In this paper, we show experimental results using the prototype machine with the new operating device, control system and mechanism. In addition, some results from our risk assessment of the prototype machine are explained. 
OPERATING DEVICE
The operating device developed for the prototype model comprises 1) touch switch circuit and probe, 2) supporting mechanism adjust to the shape and posture of the user's finger to touch the probe, 3) controller with micro computers, 4) control algorithm installed in the controller generating the commands to motor drivers from touch switch circuit, and 5) display showing the state of the current command.
Motor Ability of Target User's Finger
Because of the user's whole-body paralysis except the right index finger, the motor abilities of the finger were researched in relation to the possible operation of the stretcher (Sakaki et al., 2010) . The range of motion of the right index finger and the available force by the finger were measured. Figure 3 shows the position angles from the most extended to the most flexed. The angle of the finger was defined as the angle between two straight lines from the MP joint to the tip of the finger. The range of motion was 45.0 degrees. The maximum forces to the flexion and extension directions were 4.1*10 -4 N and 8.2*10 -4 N, respectively. In addition, the maximum frequencies of flexing and extending motions in the neutral and full ranges of motion were 1.4 Hz and 0.3 Hz, respectively.
From these results the motor ability of the target index finger does not seem to be inferior to that of a normal subject in terms of the response and precision of positioning. However, the range of motion and force of the finger are considerably inferior to those of a normal subject. We considered these conditions in the development of the device. 
Touch Switch Circuit and Supporting Mechanism of Sensor Probe Touched by Finger
We have investigated several devices. For example, the Shape Sensor (Measurement Inc.), the string type angle sensor, has been used in the experiments with miniature robots (Sakaki et al., 2010) . In the use of the prototype, however, the sensor has several problems such as difficulty of wearing and setting of the sensor on the user's hand, high cost, difficulty of endurance and maintenance, noisy signals, and difficulty of certain execution of STOP command. In addition, we have tried to apply several switches to the stretcher such as slide-type mechanical switches, vendible sheet-type angle sensors and electrode-type touch sensors. However, these switches were not suitable to apply to the target user's finger. One of the reasons was the twisted position of the finger. The finger, which is tilted and slightly flexed, cannot evenly touch switches mounted on a flat sheet. The other was the weakness of her finger force. If the finger cannot push down a switch securely, it may cause unstable or noisy output signals.
Hence, we tried to apply a conductive-type touch switch. The conductive type touch switch such as Touch Sensor Circuit AS-CTS (ASAKUSA GIKEN Co.) was implemented in the device. When the conductance between the sensor probe and the finger touching it changes, the relay circuit turns ON/OFF Preprints of the 18th IFAC World Congress Milano (Italy) August 28 -September 2, 2011 (Fig.4) . The operating device with the conductive-type touch sensor was connected to the micro computers (Fig.5) .
The switch is suitable to solve the problems mentioned above. The switch can sense a considerably light touch by the finger, adapting to the position and shape of the finger. Because of its low cost, the probe of the sensor can be easily replaced. The noise level of output signals is low. In addition, the STOP command can be executed reliably in the case of release of the finger from the probe. Also, the position of the sensor probe to be touched by the user's finger can be set easily. The flexible joints mechanism supports the touch sensor probe (Fig.5) . 
Control Algorithm
Considering and applying the experimental results with miniature robot and its control algorithm for the Shape Sensor, we have developed the control algorithm for the touch switch (Sakaki et al., 2010) . Figure 6 shows a flowchart of the operating algorithm using the touch switch circuit. The command is selected by a short (one-time) touch or tap on the probe. The output of the circuit is connected to three H8 chips to calculate the velocity command of motors, which is sent to the motor driver unit JWX-1 (YAMAHA Co.). The selected command is executed by maintaining touch with the probe for over one second.
STRETCHER BODY IN REAL-SIZE AND HARDWARE SYSTEM
We next developed the stretcher body frame in real size. The prototype made of aluminum alloy pipes (A5052, 3mm in diameter) was designed to be identical to the size of stretcher the target user currently uses (Fig. 7) . In designing the frame mechanism, we used Finite Element Method (FEM) to analyze the mechanical structure. Axial force and bending moment were applied to the frame pipes. The maximum stress inside the frame calculated by FEM was less than the allowable stress to the aluminum alloy, 100MPa. The results of the stress analysis demonstrated the sufficiency of the frame structure, 600 mm W * 1200 mm L * 700 mm H. The driving unit JWX-1 for electrical chair was mounted on the body frame, including AC servo motors and a motor driver. Fig.6 . Flowchart of the operating algorithm of prototype. Fig.7 . Stretcher body frame combined with the driving unit.
PRELIMINARY TESTS OF PROTOTYPE MACHINE

Tests by Normal Subjects without Lying on Prototype
In order to evaluate the controllability of the stretcher operated by the target user, the preliminary experiments were performed with normal subjects not lying on the stretcher, but monitoring the motion of the machine beside it. The results may show the performance of the machine, available to distinguish the target user's skill.
The environment for tests of the stretcher simulated to maneuver around a shop in a shopping mall. First, the stretcher was operated to stop in front of the shop on the reference line which was the center line of the corridor in the shop. Secondly, the stretcher turned around on the line to head for the corridor. Thirdly, the machine went straight through the corridor. The performances of positioning on the line, turning to head for the corridor and moving forward straight were evaluated. The target range of the performance of positioning to stop on the line is +/-150 mm as the differences between the width of corridor and the width of the stretcher. The target range of the performance of turning around is +/-1.7 degrees, the error of posture of the machine, or +/-150 mm differences at the end of corridor, under the condition where the machine moved straight through the corridor for 5m, starting from the position on the reference line. The target range of the performance of moving straight is +/-150 mm errors when moving the corridor for 5 meters, under the condition where the error of turning of the body is 0 degree on the reference line.
Ten normal subjects jointed the experiments. Every participant tried to operate the stretcher in monitoring beside it ten times on the experiments of the performances of positioning to stop and turning around. Also, they tried five times on the experiments of moving straight. The recovering trials were not allowed.
The difference of positioning to stop was -10 mm +/-2 mm, which was less the target range as +/-150 mm. The posture error of turning around was 2.0 degrees +/-3.1 degrees, which was significantly larger than the target range as +/-1.7 degrees. The difference of moving straight was 512 mm +/-76 mm, which was significantly larger than the target range as +/-150 mm at the end of the corridor.
The total performance of the stretcher was evaluated by combining these results, which show the positioning error at the end of the corridor, 699 mm +/-326 mm. The causes of the results are the significant differences of the average and variance of the performance of turning around and the average performance of moving straight. In order to suppress the offset and the variance of turning error, the turning velocity may have to be set lower for precise operation. However, it should be considered that the turning at low velocity may cause stress to the user or other passengers in the shop. In addition, in order to raise the performance of moving straight, it may be necessary to modify the rigidity of the machine flame and the position of the wheels.
Tests by Normal Subjects with Lying on Prototype
The aim of the experiments was to verify the controllability of the prototype to maneuver properly inside building especially on turning corner and maintaining a certain distance from the obstacles, avoiding the collision to them, with lying on the machine. The periods of time to complete the course under the operation by normal subjects were measured.
The participants tried to complete the course as fast as possible, by following five times around the edge of the table, 1800 mm W * 1800 mm L * 700 mm H. They rode on the bed of the stretcher lying down on the right side of their bodies. Three normal subjects participated in the experiments. They were asked to follow the two kinds of courses, as going clockwise and counter clockwise.
The experimental results show that the period of time was 8.62 +/ -0.85 seconds to complete the course. First, there is the limitation of the operating commands; GO STRAIGHT and TURNING LEFT/RIGHT. These commands are exclusive to execute. Therefore the machine cannot turn the corner smoothly. The stretcher may go straight to the corner of the table, stop at the turning point, turn around, and go straight following another edge of the table. The machine may go close and collide to the table in the case of the TURN LEFT/RIGHT motions. Secondly, another limitation is the range of view from the machine. Since normal subject can move his/her head to watch the environment, he/she has wider range of view than the target user. It is difficult for the target user to move head. Instead, some monitoring system should be provided to feed from the cameras on the machine to get the same range of view as normal subjects.
Tests by Target User
The target user tried several kinds of tests to control the stretcher. The first test was performed with the machine suspended in air for the user's safety. The stability of the oneminute commands including STOP and the smooth changes of command were confirmed without confusion or error. We concluded that the user could control the operating device smoothly and stably.
The second test was performed with the machine on ground to operate it in the environment to simulate the shopping mall (Fig.8) . She could operate the device to control the machine stably. However, the operation took some period and required advices to decide the command, since she could not understand the position of the stretcher in the environment under the condition of no monitoring system to observe the environment.
RISK ASSESSMENT
We assessed the risks of a real-size stretcher to improve the safety for the target user (Table 1) . By interviewing the user, the assessment condition for use of the stretcher was decided: namely, maneuvering a large scale shopping mall with a caregiver beside the stretcher. Other conditions were a continuous driving period for 2.5 hours, a maximum speed of 6.5 km/h, a body frame made of steel pipes, a user weight of 40 kg, and a supplementary weight of materials mounted into the body of 30 kg.
According to ISO14812 we derived and categorized risks as the risk of operator injury, other risks to operator's health and the risk to other people or the operating environment. The risk levels were calculated from the severity of the hazard, the possibility of injury and the frequency of exposure.
As a safety policy, several protections against risks were applied. For example, 300-mm-high protective guardrails were added around the bed. The guardrail was selected from the standard ISO/DIS 13849-2 to avoid exposure to the risk of falling off the bed. Plastic protective covers on the side body were provided to protect the user and stretcher body from exposure to hazardous materials. Also, a limit circuit was placed in the signal lines from the operation device to the driver unit to limit the motor velocity. Finally, an emergency stop switch was provided for the caregiver. Fig.8 . Tests by the target user operating the prototype.
CONCLUSIONS AND FUTURE TOPICS
The first target of the project was to develop a robotic stretcher that would allow an SMA user with severe motor disabilities to maneuver independently inside a building. We developed new devices with an operating algorithm suitable to the user's limited mobility (single-finger mobility), verifying the functions by tests with a real-size prototype.
The new operating devices, control system and mechanism were discussed. We showed some experimental results using the prototype machine, and some results of the risk assessment of the prototype machine as follows.
According to the mobility of the user's index finger, we developed the algorithm for operating the stretcher. Considering the reliability against operation errors, the intuitiveness of the system, the responsiveness of the machine's motion, and the fatigue of the user, we applied a conductive-type touch switch. The switch can be applied to the device even given the twisted position and weak force of the target user's finger.
The driving unit was fabricated with a real-size body frame made of aluminum alloy pipes. The conductive-type operating device connected to the driving unit was investigated to evaluate the total maneuverability of the prototype. Both the normal subjects and the target user were given chances to control the stretcher using the operating device. We concluded that the user could control the device smoothly.
We assessed the risks of the real-size stretcher to improve the vehicle's safety. We categorized the risks in terms of the risk of operator injury, other risks to operator's health and the risk to other people or the operating environment. Based on the results of preliminary risk assessment, we improved the intrinsic safety, especially by adding protective guardrails.
As future topics we will develop the camera-based monitoring system for a user who is lying sideways on the bed to monitor the obstacles around the stretcher. 
